The GTPase dynamin I is essential for synaptic vesicle endocytosis in nerve terminals. It is a nerve terminal phosphoprotein that is dephosphorylated on nerve terminal stimulation by the calcium-dependent protein phosphatase calcineurin and then rephosphorylated by cyclin-dependent kinase 5 on termination of the stimulus. Because of its unusual phosphorylation profile, the phosphorylation status of dynamin I was assumed to be inexorably linked to synaptic vesicle endocytosis; however, direct proof of this link has been elusive until very recently. This review will describe current knowledge regarding dynamin I phosphorylation in nerve terminals and how this regulates its biological function with respect to synaptic vesicle endocytosis.
Introduction
SV (synaptic vesicle) recycling in nerve terminals is essential for the maintenance of neurotransmission. On neuronal depolarization, Ca 2ϩ influx through voltage-gated Ca 2ϩ channels stimulates SV fusion with the plasma membrane (exocytosis), and thus neurotransmitter release. Following exocytosis, SVs are reformed from the plasma membrane in a process called endocytosis. SVE (SV endocytosis) is tightly coupled to SV exocytosis, both temporally and spatially, since SVE is activated by the same Ca 2ϩ influx that stimulates exocytosis [1] . After SVE, SVs are recycled locally within the nerve terminal where they are filled with neurotransmitter and prepared for the next round of exocytosis.
Dynamin I
Many proteins are essential for SVE, reflecting the complex nature of de novo generation of SVs from the plasma membrane. One of the most studied and best characterized is the pre-synaptic GTPase dynamin I. Dynamin I was initially discovered as a microtubule-binding protein [2] ; however, its essential role in SVE was highlighted when it was identified as the homologue of the shibire gene product in Drosophila [3] . Shibire mutants display a temperaturesensitive paralysis originating from a block at a late stage of SVE [4] . Electron micrographs of shibire nerve terminals show large infoldings of membrane or deeply invaginated pits, both originating from the plasma membrane with electron-dense collars. These collars were identified as dynamin I, suggesting that dynamin I was required for SV fission from the plasma membrane.
Dynamin I is a member of a larger family of dynamin-like proteins [5, 6] of which three mammalian isoforms exist. Dynamin I is expressed solely in the brain and is enriched in nerve terminals where SVE occurs. Dynamin II is expressed ubiquitously and is essential for receptor-mediated endocytosis [6] . Dynamin III expression was thought originally to be restricted to testis; however, it is also expressed in the dendritic spines of neurons, suggesting a role in post-synaptic receptor internalization [7] .
Dynamin I structure
Dynamin I is a modular protein, with four identified domains ( Figure 1 ): an N-terminal GTPase domain, a PH (pleckstrin homology) domain, a GED (GTPase effector domain) and a C-terminal PRD (proline-rich domain). The GTPase activity of dynamin is essential for endocytosis. This was initially revealed by the shibire mutant, which has a defect in GTP binding as a result of a point mutation within the GTPase domain [3] . Subsequent studies using overexpression of similar dynamin point mutants abolish both receptor-mediated endocytosis and SVE [7] [8] [9] . The most likely role for dynamin GTPase activity in endocytosis is to produce a mechanical force to drive SV fission, either by constriction or expansion of the dynamin collar surrounding the neck of the invaginated vesicle [10] [11] [12] .
The PH domain is principally for binding to phosphoinositides, specifically PtdIns(4,5)P 2 . PtdIns(4,5)P 2 binding to the PH domain greatly increases dynamin GTPase activity, and mutations that inhibit PtdIns(4,5)P 2 binding abolish receptor-mediated endocytosis [13] .
When dynamin self-assembles into collars at the neck of an invaginating vesicle, its GTPase activity is activated. The GED controls this process, since it regulates both dynamin I assembly and functions as a GTPase-activating domain. The role of these two functions in receptor-mediated endocytosis has been investigated independently, with overexpression of either assembly-deficient or GTPase-inactive mutants increasing the amount of endocytosis [14] . This has lead to an alternative hypothesis for the role of dynamin GTPase activity in endocytosis, where activity is required to terminate interactions with downstream effectors [14, 15] .
The C-terminal PRD is the major protein-interaction region of dynamin, encompassing multiple binding sites for proteins containing SH3 (Src-homology 3) domains such as amphiphysin and endophilin [16] [17] [18] . Binding of several of these SH3-domain-containing proteins stimulate dynamin I GTPase activity, albeit to much lower levels than PtdIns(4,5)P 2 [19] .
Dynamin I is a phosphoprotein that is dephosphorylated on nerve terminal stimulation
Dynamin I is a phosphoprotein and was originally discovered in nerve terminals due to its ability to undergo a rapid (Ͻ5 s) depolarization-dependent dephosphorylation [20] . On termination of nerve terminal stimulation, dynamin I is slowly (t 1/2 approx. 40 s) rephosphorylated by its endogenous kinase. Dynamin I is present in both the cytosol and membrane of nerve terminals; however, phosphorylated dynamin I is restricted to the cytosol [21] . Thus the phosphorylation status of dynamin I would appear to regulate its localization within the nerve terminal. It is tempting to speculate that the dephosphorylation of dynamin I facilitates its translocation to the plasma membrane for SVE and its rephosphorylation directs its return to the nerve terminal cytosol. Cdk5 PKC 798 P A G R R S P T S S P T P Q R R A PA V P PA R P G S R G P These initial observations on the physiology of dynamin I phosphorylation in nerve terminals were made approx. 10 years ago [20, 21] . In the intervening time, many questions related to dynamin I phosphorylation and SVE have been answered, while many have still not been addressed or are contentious. The remainder of the review will summarize the current understanding of dynamin I phosphorylation with respect to its biological activity and SVE.
Calcineurin is the in vivo dynamin I phosphatase
Dynamin I is dephosphorylated in a Ca 2ϩ -dependent manner on nerve terminal depolarization. Thus the obvious candidate for the dynamin I phosphatase was calcineurin (PP2B), a Ca 2ϩ -dependent protein phosphatase that is enriched in nerve terminals. Calcineurin dephosphorylates purified phospho-dynamin I in vitro [22] and more importantly in vivo, since pharmacological calcineurin antagonists abolish KCl-evoked dynamin I dephosphorylation in nerve terminals [23, 24] . Calcineurin co-ordinately dephosphorylates at least seven other nerve terminal proteins on nerve terminal stimulation, in addition to dynamin I. These proteins are termed the dephosphins, and every member of this group of proteins [PIPK1␥ (phosphoinositide phosphate kinase 1␥), AP180 (assembly protein 180), epsin, eps15, amphiphysin 1, amphiphysin 2, synaptojanin and dynamin I] is essential for SVE in their own right [25] .
Dynamin I binds calcineurin with high affinity within its C-terminal PRD [22] . Interestingly, calcineurin interacts with the PRD in a Ca 2ϩ -dependent manner, with binding stimulated by Ca 2ϩ changes in the physiological range (EC 50 , 100-400 nM) [26] . This adds another potential level of control to the dephosphorylation of dynamin I, with Ca 2ϩ -dependent recruitment of calcineurin preceding dynamin I dephosphorylation.
Cdk5 (cyclin-dependent kinase 5) is the in vivo dynamin I kinase
On termination of nerve terminal depolarization, dynamin I is slowly rephosphorylated. The identification of the endogenous dynamin I kinase was more problematic than its phosphatase, with a number of potential protein kinases identified within the past 10 years. Protein kinases that phosphorylate dynamin I in vitro include microtubule-associated protein kinase, casein kinase II, Cdk2, minibrain kinase and PKC (protein kinase C) [27] [28] [29] [30] . PKC was assumed to be the dynamin I kinase for many years. This was because dynamin I was an excellent PKC substrate in vitro [21] , and pharmacological PKC antagonists abolished dynamin I rephosphorylation in intact nerve terminals [31, 32] . However, there were always several inconsistencies with this assumption. For example, PKC substrates, such as MARCKS (myristoylated alanine-rich C kinase substrate) and GAP-43 (growth-associated protein 43) were phosphorylated on nerve terminal stimulation, whereas dynamin I was dephosphorylated [33] . Also, dynamin I rephosphorylation only occurred after intracellular Ca 2ϩ levels had returned to basal levels, thus after the removal of the stimulus for the Ca 2ϩ -dependent PKCs [20] .
Recent evidence now proves that the endogenous dynamin I kinase is not PKC, but Cdk5 [34] . Cdk5 is a nerve terminal enriched serine/threonine kinase that is active at rest, and phosphorylates multiple proteins implicated in SV recycling in vitro [35] [36] [37] [38] [39] [40] . Cdk5 phosphorylates either purified dynamin I or a GST (glutathione S-transferase) fusion protein of the dynamin I PRD in vitro [34, 39] . The in vitro phosphorylation sites for cdk5 on dynamin I were determined by MS to be Ser 774 and Ser 778 [34] . Both of these residues are located in the dynamin I PRD (Figure 1 ) and were distinct from the previously determined in vitro PKC phosphorylation site (Ser 795 , [41] ). Importantly, endogenous dynamin I purified from intact nerve terminals was phosphorylated on identical sites to that observed with in vitro Cdk5-dependent phosphorylation [34] . Cdk5 also phosphorylates dynamin I in vivo, since dynamin I rephosphorylation is abolished by either Cdk5 antagonists in intact nerve terminals or overexpression of dominant-negative Cdk5 in neuronal cultures [34] . The identified Cdk5 phosphorylation sites are physiologically relevant, since blotting with phosphospecific antibodies raised against them showed decreases and increases in signal in depolarized and repolarized nerve terminal lysates respectively [34] .
A recent in vitro study proposed that Cdk5-dependent phosphorylation of dynamin I occurred on Thr 780 and not Ser 774 /Ser 778 [39] . However, when this MS data is re-evaluated it would seem that dynamin I is phosphorylated on Ser 778 and not Thr 780 . This was confirmed when the phosphorylation sites on endogenous dynamin I were re-examined using a refined protocol employing graphite powder microcolumns [42] . There was no detectable phosphate on Thr 780 , with all the phosphate on Ser 774 and Ser 778 . It was confirmed that dynamin I can be doubly phosphorylated, but, in singly phosphorylated peptides, phosphate was predominantly found on Ser 774 [42] . This suggests that Ser 774 may potentially be the most important site for the control of SVE.
Cdk5 rephosphorylates some, but not all, of the dephosphin group of proteins, in addition to dynamin I. The lipid phosphatase synaptojanin is rephosphorylated by Cdk5 in intact nerve terminals, whereas amphiphysin 1 and 2 and AP180 are not [32, 34, 40] . This highlights the difficulties in extrapolating in vitro phosphorylation data to in vivo, since amphiphysin is an in vitro Cdk5 substrate [38, 39] .
The identification of Cdk5 as the dynamin I kinase has resolved some of the paradoxes raised by previous studies. For example, the inhibition of dynamin I rephosphorylation by PKC antagonists in nerve terminals was explained by the fact that the same antagonists potently inhibit Cdk5 activity [34] . Likewise, the reciprocal relationship between the Ca 2ϩ -dependence of the dynamin I phosphorylation cycle and PKC activation is now resolved. Since Cdk5 is constitutively active in nerve terminals, there is no requirement for the activation of dynamin I phosphorylation after termination of stimulation. Thus the amount of phosphorylated or dephosphorylated dynamin I in nerve terminals is determined by the stimulation-dependent activity of calcineurin, and not by Cdk5.
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How does dynamin I phosphorylation regulate its biological activity?
The identification of calcineurin and Cdk5 as the in vivo dynamin I phosphatase and kinase allows the biological role of dynamin I phosphorylation to be investigated. Previous in vitro studies have shown that changes in dynamin I phosphorylation affect its GTPase activity and its interactions with both proteins and lipids.
Dynamin I phosphorylation and GTPase activity
In vitro phosphorylation of dynamin I by PKC stimulates its GTPase activity approx. 12-fold [27] , with calcineurin reversing this activation [22] . However, these studies now have to be re-interpreted (supplementary data in [34] ). The conditions used to phosphorylate dynamin I with PKC in previous studies were found to stimulate dynamin self-assembly, resulting in an increase in GTPase activity that was independent of phosphorylation. When dynamin I self-assembly was disrupted after phosphorylation by PKC, no stimulation of GTPase activity was observed [34] . Using this modified protocol, the GTPase activity of dynamin I phosphorylated by Cdk5 showed a modest 3-fold stimulation. Thus phosphorylation of dynamin I by Cdk5 may regulate its GTPase activity in nerve terminals. However, phosphorylation cannot be the major activator, since nanotubules that incorporate PtdIns(4,5)P 2 can increase GTPase activity by approx. 1000-fold [11] .
Dynamin I phosphorylation and protein-protein interactions
Dynamin I shares many interactions with other essential endocytosis proteins; however, the understanding of how dynamin I phosphorylation regulates these interactions is still embryonic. Studies using rat brain detergent extracts suggested that phosphorylation of different endocytosis proteins may control their interactions [43] . The multiple protein kinase activities present in these extracts reduced the interaction of dynamin I with both amphiphysin and AP-2, an effect that was reversed by calcineurin antagonists. It is difficult to extrapolate these results to nerve terminals, since many of the protein kinases present in the lysates would not normally be able to phosphorylate these proteins, because they would be in separate subcellular compartments.
Some in vitro studies have been performed to establish whether or not dynamin I phosphorylation regulates its protein interactions. For example, in vitro phosphorylation of purified dynamin I with either minibrain kinase or Cdk5 inhibits its binding to the SH3 domain of amphiphysin [30, 39] . However, in vitro phosphorylation of only the dynamin I PRD by Cdk5 did not inhibit this interaction. Pre-incubation of the dynamin I PRD with the amphiphysin SH3 domain prevents its phosphorylation by Cdk5 [34] . These studies suggest that other dynamin I regions may influence its putative phosphorylation-dependent interaction with amphiphysin and also indicate that dynamin I may have to be released from amphiphysin before it can be phosphorylated by Cdk5, possibly on termination of SVE.
Dynamin I phosphorylation and protein-lipid interactions
Phosphorylated dynamin I is restricted to the cytosol of nerve terminals, suggesting a possible phosphorylation-dependent interaction with plasma membrane lipids [21] . In support, in vitro phosphorylation of dynamin I by either PKC or Cdk5 inhibits its ability to bind to acidic phospholipids [34, 41] . Dynamin I interacts with PtdIns(4,5)P 2 via its PH domain. This interaction is essential for dynamin I translocation to the plasma membrane, since point mutations within the PH domain that abolish PtdIns(4,5)P 2 binding restrict dynamin I to the cytosol [13] . If the PtdIns(4,5)P 2 -dynamin I interaction is regulated by phosphorylation, it should provide a mechanism for dynamin I movement between different subcellular compartments.
The physiological role of dynamin I phosphorylation in SVE
The phosphorylation of dynamin I regulates its biological activity, but does its phosphorylation status play any essential role in SVE? Studies in isolated nerve terminals and primary cell cultures have shown that the enzyme activities of both calcineurin and Cdk5 are essential for SVE. Calcineurin is essential, since the internalization of the amphiphilic membrane marker FM2-10 was inhibited by calcineurin antagonists in isolated nerve terminals (synaptosomes) [24, 32] . Cdk5 activity is also essential for SVE, with one important distinction: inhibition of Cdk5 activity does not affect SVE following nerve terminal stimulation, unlike calcineurin antagonists [32, 34] ; however, if nerve terminals continue to be incubated with Cdk5 antagonists, the next cycle of SVE is abolished. This is consistent with Cdk5 being required to rephosphorylate dynamin I after SVE and thus reset the endocytic machinery for the next round of SV recycling. Morphological studies using electron microscopy also highlight the essential role for calcineurin and Cdk5 in SVE. Synaptosomes pre-incubated with calcineurin antagonists display a severe SV depletion (indicative of a block in SVE), with no obvious changes in membrane appearance, showing SVE was arrested at an early stage (M.A. Cousin, unpublished work). Synaptosomes pre-incubated with Cdk5 blockers had a normal appearance after the first stimulation of SVE, but displayed extensive SV depletion and multiple membrane invaginations after the second stimulation, indicative of a block in SVE at a specific step [34] . In addition, overexpression of dominant-negative Cdk5 in primary neuronal cultures greatly retarded the internalization of the membrane marker FM4-64, highlighting its essential role in SVE [34] .
The activities of calcineurin and Cdk5 are essential for the activation and maintenance of SVE. However, this does not reveal whether the phosphorylation status of dynamin I itself is essential, since both calcineurin and Cdk5 have multiple substrates in nerve terminals. The specific role of dynamin I phosphorylation can now be addressed, since the physiological phosphorylation sites on dynamin I have been identified. We have conclusive evidence that a cycle of dynamin I phosphorylation at Ser 774 and Ser 778 is essential for SVE (K.J. Smillie, unpublished work). Thus both the initial dephosphorylation and subsequent rephosphorylDynamin I phosphorylation and the control of synaptic vesicle endocytosis 93 ation of dynamin I are required for SVE to proceed. The model in Figure 2 proposes a possible mechanism of action for this process.
Perspectives
Since the identification of dynamin I as a phosphoprotein that is dephosphorylated on nerve terminal stimulation, it has been hypothesized that its phosphorylation status may regulate its essential role in SVE. However, it has taken many years for direct proof to emerge. This delay was mainly a result of identifying the physiological dynamin I kinase. However, the proof of its essential role in SVE has rapidly followed the identification of its physiological phosphorylation sites. Now that calcineurin activity, Cdk5 activity and the phosphorylation status of dynamin I itself have been demonstrated to be essential for SVE, this would seem to bring this story to a conclusion. However, some questions regarding the phosphorylation status of dynamin I in SVE still remain unanswered.
For example, can dynamin I phosphorylation be modulated within the nerve terminal and does this control SVE? Cdk5 is activated by the p39 or p35 protein. p35 itself is a Cdk5 substrate and is an unstable protein, with a half-life of 20 min. Inhibition of Cdk5 activity greatly increases p35 stability, as does mutagenesis of its Cdk5-dependent phosphorylation sites, suggesting a possible negative-feedback mechanism [44] . Positive regulation of Cdk5 activity could originate from stimulation of growth factor cascades. For example, nerve growth factor induces p35 expression in PC12 cells and brain-derived growth factor activates Cdk5 activity in cultured primary neurons [45] . Also, the extent of dynamin I dephosphorylation may be controlled by the endogenous calcineurin inhibitor, cain [46] . Cain is expressed in nerve terminals, binds amphiphysin, and its overexpression abolishes endocytosis in non-neuronal cells. Thus cain should be in the correct localization to regulate dynamin I phosphorylation and possibly SVE. Further studies will determine whether this is the case.
Another question is how does dynamin I phosphorylation control SVE? In vitro studies have hinted at three possible mechanisms, with the regulation of either or both protein or lipid interactions being most likely. However, this question will not be definitively addressed until in vivo interaction studies are performed in real time, to establish whether the temporal and spatial properties of candidate interactions match their proposed role in SVE. The development of FRET (fluorescence resonance energy transfer)-based interaction assays should facilitate these experiments.
We have shown that dual Ser 774 and Ser 778 mutants abolish SVE (K.J. Smillie, unpublished work); however, do these sites control SVE independently of each other? Ser 774 may be the essential residue for SVE, since it is the predominately phosphorylated site on singly phosphorylated dynamin I [42] . This can be tested by overexpressing dynamin I mutants in neurons that encompass single substitutions at either Ser 774 or Ser 778 and examining the effect on SVE.
Now that the essential role for the phosphorylation status of dynamin I in SVE is established, the remaining immediate questions will become more and more targeted. to rephosphorylate dynamin I, and X and Y. This rephosphorylation reduces its affinity for PtdIns(4,5)P the other dephosphins also regulate SVE? This question will have to be addressed in a similar manner to dynamin I, via the identification of the physiologically relevant in vivo phosphorylation sites of the other dephosphins. When these questions are answered, then we should be a long way to discovering the mechanism by which global dephosphorylation of the dephosphins controls SVE.
